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The dependence of the long-range interactions between molecular hydrogen and iodine monochloride on the
geometry between the molecules is investigated. Laser-induced fluorescence and action spectroscopy
experiments have identified multiple conformers of theo,p-H2‚‚‚I35,37Cl(X,V′′)0) van der Waals complexes.
A conformer with the hydrogen molecule localized at the iodine end of the dihalogen, most likely withC2V

symmetry, is significantly more stable than an asymmetric conformer with the hydrogen localized in the well
oriented orthogonally to the I-Cl bond axis,D0′′ ) 186.4(3) cm-1 versus 82.8(3)e D0′′ e 89.6(3) cm-1.
Complexes containing theo-H2(j)1) species are more strongly bound than those withp-H2(j)0). The
electronically excitedo,p-H2‚‚‚I35Cl(A,V′) ando,p-H2‚‚‚I35,37Cl(B,V′) complexes are found to have preferred
asymmetric structures with binding energies bracketed between 73.7-80.5 and 69.5-76.3 cm-1 for o-H2‚‚‚
I35Cl(A,V′)23) ando-H2‚‚‚I35Cl(B,V′)3), respectively. Calculations of the H2‚‚‚I35Cl(B,V′)3) intermolecular
vibrational energies and probability amplitudes undertaken using a scaled He+ ICl(B,V′)3) potential enable
us to make tentative assignments of the excited-state levels experimentally accessed.

1. Introduction

This paper expands on our previous efforts that have focused
on characterizing the multidimensional potential energy surfaces
(PESs) of ground and excited-state three-atom, rare gas-
dihalogen, Rg‚‚‚XY, van der Waals complexes.1-6 Here, we
present spectroscopic results for the four-atom H2‚‚‚ICl complex
that reveal information concerning the nature of the dominant
long-range interactions and the dependence of these interactions
on intermolecular orientation. Four-atom systems present both
new opportunities and challenges. For instance, the presence
of two diatomic subunits increases the degrees of freedom that
must be considered, especially with respect to internal rotational
or bending motion. At the same time, having two diatomic
subunits also allows us to more thoroughly study the role of
electrostatic interactions in this class of van der Waals com-
plexes.

Rovibronic spectra ofortho(o)-H2/D2‚‚‚I2 and para(p)-H2/
D2‚‚‚I2 complexes recorded in the I2 B-X region were reported
by Kenny et al.7 In those spectra, they observed two features
shifted by≈15-20 cm-1 to higher energy than the correspond-
ing I2 B-X, V′-0 monomer feature; one feature was attributed
to transitions of ano-H2/D2‚‚‚I2 complex and the other to
transitions of ap-H2/D2‚‚‚I2 complex. The intensity of the
o-H2‚‚‚I2 feature was approximately 3 times more intense than
thep-H2‚‚‚I2 feature, in accord with the 3:1 relative population
of o-H2 to p-H2 expected for a room-temperature sample of

hydrogen. An additional feature, shifted by≈75 cm-1 from the
monomer feature, was observed and attributed to transitions of
theo-H2/D2‚‚‚I2 complex to an excited intermolecular vibrational
level. On the basis of similarities of the spectral shifts and
rotational contours of the H2‚‚‚I2 features with those of
previously characterized Rg‚‚‚I2 systems, the average geometries
of the ground-stateo,p-H2/D2‚‚‚I2(X,V′′)0) complexes were
presumed to be similar to the T-shaped Rg‚‚‚XY structure with
the H2 or D2 molecules localized in the toroidal well positioned
orthogonally to the I-I bond axis. The lowest intermolecular
level within eacho,p-H2/D2 + I2(B,V′) excited-state PES was
also believed to have a similar geometry. The binding energies
for the ground-stateo-H2‚‚‚I2(X,V′′)0) and excited-state
o-H2‚‚‚I2(B,V′)28) complexes were measured to be 92.3 and
74.4 cm-1, respectively.

If the H2‚‚‚I2(X,V′′)0) complexes have on averageC2V
symmetry, such as

then quadrupole-quadrupole forces would be the dominant
electrostatic interaction. In contrast, dipole-quadrupole and
dipole-induced dipole dispersion forces will most likely be the
dominant electrostatic interactions that dictate the properties of
the multidimensional PESs associated with heteronuclear
H2‚‚‚XY complexes, such as H2‚‚‚ICl. The somewhat classical
use of electrostatic forces in explaining the observed intermo-
lecular interactions is admittedly overly simplistic because the
electronic orbitals of the molecules and the partial exchange of
charge via donor-acceptor interactions play key roles in
dictating preferred geometries of these complexes. However,
this picture gives a good first-order approximation of the
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interactions involved. Consequently, a comparison of the
preferred geometries and intermolecular vibrational energies for
the H2‚‚‚I2 and H2‚‚‚ICl complexes should provide insight into
the contribution of electrostatic forces in the long-range,
intermolecular interactions for these four-atom systems.

We present here the results from laser-induced fluorescence
(LIF) and action spectroscopy experiments aimed at character-
izing the ground- and excited-state interactions of H2 with ICl.
Discrete rovibronic features associated with transitions of two
different ground-state H2‚‚‚ICl(X,V′′)0) conformers are ob-
served. One conformer most likely has aC2V, near-prolate
symmetric top geometry with the H2 moiety localized at the
iodine end of the dihalogen, similar to the structures of the linear
Rg‚‚‚XY(X, V′′)0) conformers.2-4,6,8 The other conformer is
most likely asymmetric with the H2 molecule localized in the
toroidal potential well oriented orthogonally to the I-Cl bond
axis, similar to the structures of the near T-shaped Rg‚‚‚
XY(X,V′′)0) conformers.2-4,6,8By performing experiments with
a carrier gas consisting of predominantlyp-H2 in He, we have
also identified which H2‚‚‚ICl features can be associated with
transitions of complexes containing eithero-H2 or p-H2. The
binding energy of each ground-state conformer is determined,
revealing that theC2V conformer is much more strongly bound
than the asymmetric conformer for both theo-H2‚‚‚ICl(X,V′′)0)
and p-H2‚‚‚ICl(X,V′′)0) complexes. The excited-state
o,p-H2‚‚‚ICl(B,V′) and o,p-H2‚‚‚ICl(A,V′) complexes are both
found to have an average asymmetric geometry in the most
strongly bound intermolecular vibrational level with no indica-
tion of other minima along the angular coordinate about the
dihalogen. These observations are consistent with earlier studies
of a variety of Rg‚‚‚XY(B,V′) complexes.2-4,6,8 To assign the
numerous excited-state intermolecular vibrational levels associ-
ated with the observed transitions, the energies and probability
amplitudes of the bound H2‚‚‚ICl(B,V′)3) levels were calcu-
lated. Last, comparisons of the energetics and geometries of
the o,p-H2‚‚‚ICl complex with other H2‚‚‚diatom systems,
including H2‚‚‚HF,9 H2‚‚‚HCl,10 H2‚‚‚OH,11 H2‚‚‚NH,12 and
H2‚‚‚CN,13-15 help to elucidate the role of electrostatic interac-
tions in these four-atom systems.

2. Experimental Section

Ground-state H2‚‚‚ICl(X,V′′)0) van der Waals complexes
were stabilized and laser-induced fluorescence (LIF) and action
spectra of the complexes were recorded in a manner similar to
that described previously for the He‚‚‚ICl and Ne‚‚‚ICl com-
plexes.1,3,16 As with Ne‚‚‚ICl, the carrier gas of interest was
diluted in He so that the propensity for forming higher order
complexes, in this case (H2)m‚‚‚ICl(X,V′′)0) with m g 2, was
minimized. Numerous LIF spectra were acquired with system-
atically varied expansion conditions to optimize the signal-to-
noise levels of the H2‚‚‚ICl features and to aid in determining
spectroscopic assignments of the features. Specifically, by
varying the reduced distances downstream at which the
spectra were recorded,Z ) x/d, wherex is the downstream
distance andd is the nozzle diameter, 0.89(3) mm, we
characterized the dependence of the intensities of each H2‚‚‚
ICl feature on the local temperature within the expansion. The
local rotational temperature associated with the conditions
utilized when acquiring the spectra was determined by recording
an LIF spectrum of the I35Cl B-X, 2-0 monomer band and
fitting the rotational contour assuming a Boltzmann-rotational
distribution. The H2/He backing pressure and the concentration
of H2 in He were also varied to determine the effects of varying
the H2/ICl and H2/H2‚‚‚ICl collision frequency on the formation

of different ground-state conformers. The optimum conditions
for recording LIF spectra of the H2‚‚‚ICl complexes in both
the ICl B-X and A-X regions were obtained when a carrier-
gas mixture of 5% H2 in He was used with a 7.9 bar backing
pressure and the laser crossing the expansion atZ ≈ 11. Unless
explicitly stated otherwise, these conditions were used in
acquiring the presented spectra. The I35Cl(X,V′′)0) rotational
temperature determined when these conditions were used was
typically ≈1.8 K.

High-purity p-H2(j)0) in He was used as a carrier gas in
some experiments to assist in distinguishing thep-H2‚‚‚ICl
features from theo-H2‚‚‚ICl features. Thep-H2 was prepared
in the McCall laboratory in the Chemistry Department at the
University of Illinois, Urbana-Champaign, by coolingnor-
mal(n)-H2(j)even,odd) in liquid He in the presence of a metal
catalyst. The resultingp-H2(j)0) was collected and then diluted
with He to an≈5% concentration. A small fraction of thep-H2,
<10% of the H2 in the carrier-gas mixture, was observed to
convert back intoo-H2(j)1) with increasing storage time in the
stainless steel storage cylinder. Nevertheless, significant changes
in the relative intensities of thep-H2‚‚‚ICl and o-H2‚‚‚ICl
features were easily recognized when comparing spectra ac-
quired with nearly purep-H2/He to those acquired withn-H2/
He.

The LIF experiments were performed using a Nd:YAG-
pumped dye laser with a frequency resolution of 0.06 cm-1 and
typical pulse energies of≈15 mJ measured within the chamber
after being spatially filtered to a diameter of 2-3 mm. The
action spectroscopy experiments were performed using an
additional Nd:YAG-pumped dye laser system with a frequency
resolution of 0.07 cm-1. Pulse energies of the probe laser were
maintained at≈100µJ when the relatively intense I35Cl E-B,
11-2 and I35Cl â-A, V†-V′ transitions were probed, and at
≈500 µJ when the weaker I35Cl E-B, 10-1 transition was
probed, to minimize saturation and broadening of the spectral
lines. Some spectra were recorded with even higher pump and
probe laser intensities to verify that no other weaker spectral
features were present in each of the spectral regions. The action
spectroscopy experiments were performed with the excitation
laser scanning in frequency through the ICl A-X, V′-0 or B-X,
V′-0 region and detecting fluorescence induced by the probe
laser from either the ICl(E) or ICl(â) ion-pair states. The pump
and probe lasers were co-propagated through the vacuum
chamberVia a dichroic beamsplitter, and the temporal delay of
the probe laser pulse from the pump pulse was fixed between
15-20 ns.

3. Theoretical Section

To complement the experimental findings, we performed
calculations of the H2‚‚‚I35Cl intermolecular vibrational energies
within the H2 + ICl(B,V')3) PES, using a model potential based
on the He+ ICl(B,V′)3) surface. On the basis of the weak
interaction between H2 and ICl, we assume that there is little
dependence on the orientation of the H2 axis relative to the ICl
moiety and treat it as spherical, behaving similarly to He, but
with a mass of 2.015 650 amu. In addition, our recent studies
of He‚‚‚ICl,2,17 He‚‚‚Br2,4 and He‚‚‚I2

6 indicate that the rovi-
bronic spectra are relatively insensitive to the details of the
B-electronic-state surface so long as the minimum is reasonably
well described and the potential barriers at the linear and anti-
linear regions occur at approximately the correct energy. We
elected to start with the adiabatic He+ ICl(B,V′)3) potential,
on the basis of the parameters of Waterland and Lester,18 and
scale it to provide reasonable agreement for the energies of the
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H2‚‚‚ICl(B,V′)3) intermolecular vibrational levels. This was
achieved through the following expression written in terms of
wavenumbers, where we have chosen the zero in energy to
correspond to the energy of fully dissociated H2 + ICl(B,V′)3)
and He+ ICl(B,V′)3):

In our expression of the potential,R represents the center-of-
mass separation of ICl and H2 and ICl and He, andθ provides
the angle betweenR and the ICl bond axis withθ ) 0°
corresponding to the iodine end of ICl. The factor of 4 and the
offset of -75 cm-1 resulted in the best overall agreement
between the calculated and observed energy levels. As an
independent check, we also compared the calculated frequencies
to those measured for D2‚‚‚ICl(B,V′)3).19

The potential was used to calculate the H2‚‚‚I35Cl(B,V′)3)
intermolecular vibrational levels in the same manner as in earlier
studies on He‚‚‚XY systems.2,4,6,17The two-dimensional system
was solved in a DVR with 120 points inR, evenly spaced
between 2 and 26 Å and 30 points inθ that are based on a
Gauss-Legendre quadrature grid. Tests with different basis set
sizes and ranges inR indicate that the levels that are bound by
at least 7.5 cm-1 are converged to better than 0.5 cm-1. The
Hamiltonian for these calculations is given by

The mass associated withR is the reduced mass of the complex
µR, and the reduced mass of I35Cl with a vibrationally averaged
bond lengthr is µr. The rotational angular momentum of the
ICl molecule in a space-fixed coordinate system isj. The angular
momentum associated with the rotation ofR in a complex-fixed
coordinate system in which thez-axis is defined to lie along
the ICl bond isl.

In addition to two-dimensional calculations, we also per-
formed adiabatic calculations, averaging the two-dimensional
potential over the two lowest energy eigenstates inR as a
function of θ. Once these potentials are evaluated, one-
dimensional calculations of the bending levels are performed.
Results of both calculations are presented in section 4E.

4. Results

A. H2‚‚‚ICl LIF and Action Spectra. The LIF spectrum
recorded in the ICl B-X, 2-0 and 3-0 regions using a 5%
n-H2/He carrier gas contains multiple discrete features attributed
to transitions of I35,37Cl molecules and of He‚‚‚I35,37Cl and
H2‚‚‚I35,37Cl complexes, Figure 1a. The I35,37Cl features are
labeled with asterisks. The features attributed to transitions of
the T-shaped and linear He‚‚‚I35,37Cl(X,V′′)0) complexes to
intermolecular vibrational levels within the He+ ICl(B,V′)2,3)
potentials have been thoroughly characterized1,2,16,20,21and are
marked with daggers in the figure. We assign the remaining
discrete features to transitions ofo,p-H2‚‚‚I35,37Cl(X,V′′)0)
complexes to metastable intermolecular vibrational levels within
the H2(j)0,1) + ICl(B,V′)2,3) potentials.

Two-laser, action spectroscopy experiments were performed
in the same spectral region to assist in assigning the transitions
associated with the H2‚‚‚I35,37Cl features observed in the LIF
spectrum. The action spectra are simplified in comparison to
the LIF spectra for two main reasons. First, a spectrum can be
recorded that contains only those features associated with
transitions of complexes containing either the I35Cl or the I37Cl

isotopomer because the probe laser is fixed on an I35Cl or I37Cl
E-B, V†-V′ transition, which are at distinctly different energies.
Second, we can take advantage of the vibrational predissociation
dynamics of the complexes occurring in the excited state to
identify those features associated with transitions to intermo-
lecular vibrational levels lying within the same excited-state
potential. Weakly bound complexes in the excited state undergo
vibrational predissociation forming products predominantly in
the highest energetically accessible channel. Therefore, spectra
containing those features associated with transitions of either
He‚‚‚I35Cl(X,V′′)0) or H2‚‚‚I35Cl(X,V′′)0) complexes to inter-
molecular vibrational levels lying within the He+ I35Cl(B,V′)2)
or H2 + I35Cl(B,V′)2) PESs can be recorded preferentially by
fixing the probe laser on the I35Cl E-B, 10-1 transition and
scanning the pump laser through the ICl B-X region. Transi-
tions of the I35Cl monomer can also be observed in this action
spectrum because collisions between carrier gas atoms or
molecules with excited-state I35Cl(B,V′)2) molecules may result
in vibrational relaxation of the dihalogen, which would result
in population of rotor states in the I35Cl(B,V′)1) level. The
vibrational predissociation of some complexes, such as Ne‚‚‚
Cl2(B,V′),22 has been observed to populate a distribution of Cl2-
(B,V) product levels, spanning from the highest energetically
available product level down to rotational states with two or
three fewer vibrational quanta. We have thus recorded action
spectra throughout multiple vibronic regions and with the laser
fixed on the I35Cl E-B, 10-1 or 11-2 band heads to identify

VH2‚‚‚ICl(R,θ) ) 4VHe‚‚‚ICl(R,θ) - 75 cm-1

Ĥ ) - p2

2µr

∂
2

∂r2
- p2

2µR

∂
2

∂R2
+ j2

2µrr
2

+ l2

2µRR2
+ V(r,R,θ) Figure 1. Laser-induced fluorescence (LIF) and action spectra acquired

in the ICl B-X, 2-0 and 3-0 spectral region. The LIF spectrum (a)
is dominated by the intense I35,37Cl B-X, 2-0 transitions at lower
energies. Features associated with transitions of the T-shaped and linear
He‚‚‚I35,37Cl(X,V′′)0) complexes and the H2‚‚‚I35,37Cl(X,V′′)0) com-
plexes are observed to higher energy and are≈100 times weaker. The
action spectra in panels b and c were recorded by probing the I35Cl
E-B, 10-1 transition, the∆V ) -1 channel, and the I35Cl E-B, 11-2
transition, the∆V ) 0 channel, respectively. Note the scale change in
panels a and c. The bare I35,37Cl and He‚‚‚I35,37Cl transitions are marked
by asterisks and daggers, respectively. Trace I2 contamination was also
observed in the LIF spectrum and is identified.
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those features that access levels in the same excited-state
potential.

An action spectrum recorded with the probe laser fixed on
the I35Cl E-B, 10-1 transition, and using the same source
conditions as the LIF spectrum in Figure 1a is shown in Figure
1b. The I35Cl and He‚‚‚I35Cl features are marked with asterisks
and daggers, respectively. At least five prominent features
attributed to transitions ofo,p-H2‚‚‚I35Cl complexes are observed
in Figure 1b that are also observed in the LIF spectrum. The
most intense feature is observed at 17 675 cm-1, ≈11 cm-1

above the I35Cl B-X, 2-0 band origin. The other four features
are positioned more closely to the I35Cl B-X, 3-0 band origin,
at 17 827 cm-1, with peak intensities at 17 778, 17 805, 17 811,
and 17 843 cm-1 or shifts of≈114, 141, 147, and 179 cm-1

from the I35Cl B-X, 2-0 band origin. A similar action spectrum
was recorded with the probe laser fixed on the I35Cl E-B, 11-2
transition and scanning from 17 660 through to 18 100 cm-1,
Figure 1c. The discrete H2‚‚‚I35Cl features observed in Figure
1b are not observed. The very intense features at 17 838 and
17 841 cm-1, with the latter feature extending off the vertical
scale in Figure 1c, are also present in the LIF spectrum, Figure
1a but are not present in Figure 1b. Continuum signals with
discrete onsets at 17 850.5 and 17 820.9 cm-1 are also observed
in the action spectrum, and these signals are associated with
bound-free transitions of H2‚‚‚I35Cl(X,V′′)0) complexes to the
continuum of states above the H2 + I35Cl(B,V′)2) dissociation
limit, as discussed in section 4D.

A progression of H2‚‚‚I35Cl features is observed to even
higher energies in the action spectrum recorded with the probe
laser fixed on the I35Cl E-B, 11-2 band head, Figure 2b. In
this spectrum, there are two features observed to just higher
transition energies than the I35Cl B-X, 3-0 band origin, at
17 827 cm-1. When a 5%n-H2/He carrier gas at a backing
pressure of 7.9 bar is used, the slightly higher energy feature at
17 841.21 cm-1 is ≈5× more intense than the lower energy

feature at 17 838.37 cm-1. At least four additional features are
observed to significantly higher transition energies, at≈17 941,
17 968, 17 975, and 18 006 cm-1, with relative intensities similar
to those observed in Figure 1b. Other than the feature at
17 841.21 cm-1 with a shift of 14 cm-1 from the I35Cl B-X,
3-0 monomer band origin, the energy shifts of the other four
discrete features, 114, 141, 148, and 179 cm-1, are nearly
identical to the shifts of the discrete features observed in the
I35Cl B-X, 2-0 region. The transition energies of the peak
intensities of theo-H2‚‚‚ICl andp-H2‚‚‚ICl features in both the
ICl B-X, 2-0 and 3-0 regions are listed in Table 1. The
similar energy shifts of the H2‚‚‚I35Cl features from the
corresponding I35Cl monomer band origins suggest that the
discrete features observed in each action spectrum can be
attributed to transitions of H2‚‚‚I35Cl(X,V′′)0) complexes to the
same set of intermolecular vibrational levels lying within the
H2 + I35Cl(B,V′)2) and H2 + I35Cl(B,V′)3) PESs, respectively.
The H2‚‚‚I35Cl complexes promoted to these intermolecular
levels undergo vibrational predissociation forming products
predominantly in the∆V ) -1 channels, H2 + I35Cl(B,V′)1)
and H2 + I35Cl(B,V′)2), that are detected by the probe laser
when recording each action spectrum.

Both LIF and action spectra were also recorded in the ICl
A-X, V′-0 spectral regions withV′ ) 20-25. Due to the
closely spaced ICl energy levels, the spectral congestion in this
region makes assignments difficult, especially for the higher
energy features. Additionally, the features are significantly
broadened, presumably from prompt vibrational predissociation.
Nevertheless, in each vibrational region the spectra look similar
to those shown in Figures 1 and 2. There are a couple of discrete
H2‚‚‚ICl features just to higher energy than the monomer band
origin and additional features to significantly higher transition
energies.

Figure 2. Action spectra recorded in and above the ICl B-X, 3-0
region using different source conditions. The top and middle traces
were acquired with a 10% and 5%n-H2 in He carrier gas, respectively.
The bottom traces were acquired using a 5%p-H2 in He carrier gas.
Note the drastic change in the relative intensities of the features with
the change in the carrier gas. The bare I35Cl and He‚‚‚I35Cl transitions
are marked by asterisks and daggers.

TABLE 1: Transition Energies and Shifts from the I 35Cl
B-X, 2-0 and 3-0 Monomer Band Origins (cm-1) of the
Peaks of the Observed H2‚‚‚I 35Cl Featuresa

peak shift assignment 2-0 peak shift assignment 3-0

17 664.1 0.0 I35Cl 17 827.5 0.0 I35Cl
17 674.9 10.8 asymmetric

o,p-H2‚‚‚I35Cl
17 838.2 10.7 asymmetric

p-H2‚‚‚I35Cl
17 841.1 13.6 asymmetric

o-H2‚‚‚I35Cl
17 777.7 113.6 C2V p-H2‚‚‚I35Cl 17 941.0 113.5 C2V p-H2‚‚‚I35Cl

17 943.3 115.8 C2V p-H2‚‚‚I35Cl
17 944.7 117.2 C2V p-H2‚‚‚I35Cl
17 946.8 119.3 C2V p-H2‚‚‚I35Cl
17 948.8 121.3 C2V p-H2‚‚‚I35Cl
17 950.5 123.0 C2V p-H2‚‚‚I35Cl
17 951.9 124.4 C2V p-H2‚‚‚I35Cl
17 955.1 127.6 C2V p-H2‚‚‚I35Cl
17 958.5 131.0 C2V p-H2‚‚‚I35Cl

17 804.8 140.7 C2V o-H2‚‚‚I35Cl 17 967.8 140.3 C2V o-H2‚‚‚I35Cl
17 806.3 142.2 C2V o-H2‚‚‚I35Cl 17 970.1 142.6 C2V o-H2‚‚‚I35Cl
17 807.7 143.6 C2V o-H2‚‚‚I35Cl 17 972.5 145.0 C2V o-H2‚‚‚I35Cl
17 810.9 146.8 C2V o-H2‚‚‚I35Cl 17 974.7 147.2 C2V p-H2‚‚‚I35Cl
17 813.7 149.6 C2V o-H2‚‚‚I35Cl 17 975.2 147.7 C2V o-H2‚‚‚I35Cl
17 816.5 152.4 C2V o-H2‚‚‚I35Cl 17 977.2 149.7 C2V o-H2‚‚‚I35Cl

17 977.9 150.4 C2V p-H2‚‚‚I35Cl
17 979.4 151.9 C2V o-H2‚‚‚I35Cl
17 980.2 152.7 C2V p-H2‚‚‚I35Cl
17 981.6 154.1 C2V p-H2‚‚‚I35Cl
17 983.9 156.4 C2V p-H2‚‚‚I35Cl

17 842.7 178.6 C2V o-H2‚‚‚I35Cl 18 006.0 178.5 C2V o-H2‚‚‚I35Cl
17 845.7 181.6 C2V o-H2‚‚‚I35Cl 18 008.9 181.4 C2V o-H2‚‚‚I35Cl
17 848.9 184.8 C2V o-H2‚‚‚I35Cl 18 013.4 185.9 C2V o-H2‚‚‚I35Ct

a The assignments correspond to the ground-state conformers as-
sociated with the features. Spectra acquired with a carrier gas consisting
of high-purity p-H2 in He were only recorded in the ICl B-X, 3-0
region.
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B. Signal Dependence upon Source Conditions.We
recently reported that the relative populations of the ground-
state conformers of rare gas-dihalogen complexes can be
changed by varying the source conditions used to form the
supersonic expansion in which the complexes are stabilized.3-6,16

In a similar manner, we have varied the source conditions to
track the changing relative intensities of the H2‚‚‚I35Cl features
to identify those features that can be attributed to transitions of
common ground-state complexes. The three parameters varied
are the downstream distance at which the spectra were recorded,
the H2/He carrier gas concentration, and the H2/He backing
pressure dependence.

Pronounced changes in the relative intensities of the H2‚‚‚
I35Cl features are observed in the LIF and action spectra recorded
with different H2/He carrier gas concentrations. The action
spectrum recorded throughout the ICl B-X, 3-0 region using
a 5% H2/He carrier gas is plotted in Figure 2b. For this spectrum,
the probe laser was fixed on the I35Cl E-B, 11-2 transition,
the backing pressure was 7.9 bar andZ was≈11. The action
spectrum plotted in Figure 2a was recorded in the same spectral
region and with nearly the same expansion conditions, the only
difference being that a 10% H2/He carrier gas was implemented
rather than a 5% mixture. The intensities of the features at
significantly higher energy than the I35Cl B-X, 3-0 band
origin, at 17 968, 17 975, and 18 006 cm-1, increase relative to
those of the features closer to the band origin, at≈17 838 and
17 841 cm-1, with the increased H2 concentration. Specifically,
the feature at 17 841 cm-1 is approximately a factor of 2 more
intense than the most intense higher energy feature, at 17 968
cm-1, in Figure 2b. In contrast, the 17 968 cm-1 feature is a
factor of 2 more intense than the 17 841 cm-1 feature when
10% H2/He is used, Figure 2a. The intensity of the continuum
signal observed in the action spectra that has a distinct turn-on
at 17 850.5 cm-1 is observed to track with the intensity of the
higher energy features as the H2 concentration is varied.

In spectra recorded at varying downstream distances and with
varying H2/He backing pressures, the intensities of the three
highest-energy features, at≈17 968, 17 975, and 18 006 cm-1,
are observed to track together, gaining intensity relative to the
others with increased distances downstream and with higher H2/
He backing pressures. This suggests that these features are most
likely attributable to transitions from the same ground-state
H2‚‚‚I35Cl(X,V′′)0) conformer; furthermore, this conformer is
more strongly bound. The intensity of the weakest feature in
the higher energy region, at≈17 941 cm-1, scales approximately
with that of the lowest energy feature in this spectral region, at
≈17 838 cm-1, as the gas concentration is varied. The intensity
of the 17 941 cm-1 feature, however, does not track with that
of the 17 838 cm-1 feature as the downstream distance is varied.
In contrast, it scales much more closely with the intensity of
the feature at≈17 968 cm-1 in the distance-dependence spectra.
Because these spectra were recorded using an-H2/He carrier
gas, these complicated trends may be due to exchange ofp-H2

ando-H2 in the complexes.
Spectra were also acquired with high-purityp-H2 diluted in

He to form a 5%p-H2/He carrier gas to identify those H2‚‚‚
I35Cl features associated witho-H2 and p-H2 containing
complexes. An action spectrum recorded using the same
conditions implemented when recording the spectrum in Figure
2b, although with the 5%p-H2/He carrier gas, is shown in Figure
2c. A set of features gains intensity relative to the other features
when thep-H2/He carrier gas mixture is used in comparison to
the intensities of the features in the spectrum acquired with the
n-H2/He mixture. For instance, the discrete features at 17 838

and 17 941 cm-1, which are barely observed in panel b, become
the dominant features in panel c. Similarly, a feature is now
present at 17 978 cm-1 in panel c that is not observable within
the signal-to-noise level in the spectra recorded withn-H2/He,
panels a and b. In contrast, the most intense feature in then-H2/
He spectrum, at 17 841 cm-1, is barely discernible when the
p-H2/He mixture is used. Finally, the weak continuum signal
with a turn-on at 17 820.9 cm-1 becomes significantly more
intense in thep-H2/He spectrum.

The significantly different intensities of the features observed
in these action spectra enable us to identify which features are
associated with transitions ofo-H2‚‚‚I35Cl complexes and which
are associated withp-H2‚‚‚I35Cl complexes. The discrete features
observed in the ICl B-X, 3-0 region with transition energies
at 17 838, 17 941, and 17 978 cm-1 as well as the continuum
signal with a turn on at 17 820.9 cm-1 are attributed to
transitions ofp-H2‚‚‚I35Cl complexes. The remainder of the
features in this spectral region, which dominate the spectra
acquired using then-H2/He carrier gas, are ascribed to transitions
of o-H2‚‚‚I35Cl complexes.

C. Geometries of the H2‚‚‚I 35Cl Conformers. The rotational
contour of the lower energyo-H2‚‚‚I35Cl feature observed at
17 841 cm-1 in the ICl B-X, 3-0 spectral region, Figure 3a,
appears quite similar to that of the T-shaped He‚‚‚I35Cl feature
in the 3-0 region.1 A rigid-rotor model and a genetic learning

Figure 3. Rotational contour of the lower energyo-H2‚‚‚I35Cl B-X,
3-0 feature and the corresponding rigid-rotor fit (a). The rotor constants
determined imply a geometry where the H2 subunit is localized in a
well orthogonal to the I-Cl bond axis in both the ground and excited
states. We therefore refer to this ground-stateo-H2‚‚‚ICl(X,V′′)0)
conformer as asymmetric. The rotational contour of thep-H2‚‚‚I35Cl
feature observed to just lower energy (b) could not be fit, but similarities
in the overall structures of the contours suggest similar average
geometries. The rotational contour of the higher energyo-H2‚‚‚I35Cl
B-X, 2-0 feature (c) could not be fit using a rigid-rotor model.
Simulations had significantly fewer lines, suggesting that transitions
to multiple intermolecular levels may be overlapping.
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algorithm program,jb95, developed by D. F. Plusquellic23 was
used to fit the rotational contour of this feature. The rotational
contours of the best-fit spectrum and the experimental data are
in nearly quantitative agreement, with only minor discrepancies
in the intensities of a few rotational lines observed. The ground-
state rotational temperature determined in the fit is≈1.2 K,
which is approximately the same as the I35Cl(X,V′′)0) ground-
state rotational temperature typically measured when these
experimental conditions are used. The rotational constants for
both the ground-stateo-H2‚‚‚I35Cl(X,V′′)0) complex and the
excited-stateo-H2‚‚‚I35Cl(B,V′)3) level accessed by this transi-
tion, Table 2, are indicative of an average geometry with the
center of mass of the H2 moiety positioned orthogonally to the
I-Cl bond axis for both the ground- and excited-state levels.
The precise orientation of the H-H bond relative to the ICl
moiety, however, remains unknown. Consequently, we will refer
to intermolecular levels with this geometry as an asymmetric
H2‚‚‚ICl complex.

The weakerp-H2‚‚‚I35Cl feature observed at 17 838 cm-1 in
Figure 2b has a rotational contour similar to that of the
o-H2‚‚‚I35Cl feature at 17 841 cm-1. We attempted to fit the
rotational contour of this feature, Figure 3b, in the same manner,
and we were not able to obtain an acceptable fit. Specifically,
we were not able to reproduce the high-energy shoulder near
17 838.6 cm-1, and the lower signal-to-noise of this feature
made it difficult to consistently obtain the same converged
parameters. On the basis of the similarities in transition energies
and the overall shape of this rotational contour with that of
theo-H2‚‚‚I35Cl feature, we assign this feature to transitions of
the asymmetricp-H2‚‚‚ICl(X,V′′)0) complex to an excited-
state level with a similar geometry lying within thep-H2 +
I35Cl(B,V′)3) intermolecular PES.

The rotational contours of the higher energy features are even
more complicated, and we were not able to fit these spectra. A
higher energy LIF feature associated with the ICl B-X, 2-0
region is plotted in Figure 3c. In all attempts to fit the rotational
contour, an insufficient number of rotational lines were obtained
in the simulation. As discussed in section 4E., it is likely that
some of the congestion may be due to the presence of several
overlapping intermolecular vibrational bands in this region.
Additionally, the calculations of the H2‚‚‚I35Cl(B,V′)3) prob-
ability amplitudes, obtained using the He+ ICl(B,V′)3) model
potential, indicate that the excited-state levels are delocalized
in the angular coordinate about ICl, and thus there is expected
to be extensive coupling between the ICl hindered rotation and
the end-over-end rotation of the complex. Therefore, the use of
a rigid-rotor model to incorporate a fixed geometry within the
complex is not appropriate. However, on the basis of compari-
sons with the spectra of the rare gas-dihalogen complexes, we
expect that the ground-state complexes associated with these
transitions have geometries with the H2 moiety localized in the
linear well with respect to the I-Cl molecular axis, most likely
with C2V symmetry. The geometries of the ground-state con-
formers associated with each feature are indicated in Table 1.

D. Binding Energies of the H2‚‚‚I 35Cl Complexes.In the
action spectrum recorded with the probe laser fixed on the
I35Cl E-B, 11-2 transition, Figures 1c and 2c, continuum
signals with discrete onsets at 17 684, 17 850.5, and 17 820.9

cm-1 are observed in addition to the discrete features. The weak
continuum signal beginning at 17 684 cm-1 was observed
previously and is attributed to bound to free transitions of the
linear He‚‚‚I35Cl(X,V′′)0) complex to the continuum of states
lying just above the He+ I35Cl(B,V′)2) dissociation limit.8,24

Similar, bound-free continuum signals were also observed in
action spectra of the Ne‚‚‚I35Cl,3 He‚‚‚79Br2,4 Ar‚‚‚I2,5 and
He‚‚‚I2

6 complexes. Because the continuum signal with a turn-
on at 17 850.5 cm-1 is only observed with appreciable intensity
when then-H2/He carrier gas is used, this signal is attributed
to transitions ofo-H2‚‚‚I35Cl(X,V′′)0) complexes to the con-
tinuum of states lying just above theo-H2 + I35Cl(B,V′)2)
dissociation limit. The shift of the turn-on of the continuum
from the I35Cl B-X, 2-0 band origin at 17 664.08 cm-1

represents the binding energy of theo-H2‚‚‚I35Cl(X,V′′)0)
complex involved in the transition, 186.4(3) cm-1. Because the
intensity of this signal tracks with the intensity of the higher
energy features, this continuum corresponds to transitions of
the conformer withC2V symmetry. The continuum signal with
a turn-on at 17 820.9 cm-1 is associated with transitions of the
p-H2‚‚‚I35Cl(X,V′′)0) complex with C2V symmetry, and a
binding energy of 156.8(1.3) cm-1 is determined.

Because no bound-free signals are observed that are associ-
ated with the ground-state conformer with an asymmetric
geometry, we estimate the binding energy in a manner similar
to that utilized previously for T-shaped rare gas-dihalogen
complexes.25 In this method, we rely on the anharmonicity of
the ICl(A) potential and determine when the∆V ) -1
vibrational predissociation channels for theo,p-H2‚‚‚I35Cl(A,V′)
complexes close to bracket the binding energy of the excited-
state complexes. From the spectral shift of the complex features
from the monomer band origin, we could then determine the
ground-state binding energy of the asymmetric conformers.

Figure 4 contains action spectra acquired by scanning an
excitation laser throughout different ICl A-X, V′-0 regions
with the probe laser fixed in wavelength to detect ICl(A,V′-1)
products. Panel a shows the spectrum obtained by scanning the
excitation laser through the ICl A-X, 21-0 region with the
probe laser fixed on the I35Cl â-A, 6-20 transition. In addition
to the I35Cl(A,V′)21) and He‚‚‚I35Cl(A,V′)21) features that are
marked with an asterisk and dagger, respectively, in the figure,
o- andp-H2‚‚‚I35Cl(A,V′)21) features are observed. Theo-H2‚‚‚
I35Cl(A,V′)21) feature occurs at a lower transition energy than
the p-H2‚‚‚I35Cl(A,V′)21) feature, contrary to what was ob-
served in the ICl B-X, 3-0 region. However, both features
are present, implying that the∆V ) -1 vibrational predisso-
ciation channel is open for both of the excited-state complexes.
Panel b shows an analogous action spectrum for the ICl A-X,
22-0 region. Here, the∆V ) -1 vibrational predissociation
channel is open for thep-H2‚‚‚I35Cl(A,V′)22) complex, but it
closes foro-H2‚‚‚I35Cl(A,V′)22). In the same manner, it is seen
in panels c and d that the∆V ) -1 vibrational predissocia-
tion channel is open forp-H2‚‚‚I35Cl(A,V′)23), but closed for
p-H2‚‚‚I35Cl(A,V′)24). Considering the transition energies to
the I35Cl(A,V′) levels,26 the excited-state binding energy,
D0′, of the asymmetrico-H2‚‚‚I35Cl(A,V′)21) complex is
<82.9 cm-1, and that of the asymmetrico-H2‚‚‚I35Cl(A,V′)22)
complex is >74.9 cm-1. The ground-state binding energy,
D0′′, of the asymmetrico-H2‚‚‚I35Cl(X,V′′)0) conformer is
then 82.8e D0′′ e 89.6 cm-1. Likewise, for the asymmetric
p-H2‚‚‚I35Cl(X,V′′)0) conformer we find 70.e D0′′ e
77.9 cm-1. The binding energies for the observed asymmetric
andC2V symmetric H2‚‚‚I35Cl(X,V′′)0), H2‚‚‚I35Cl(B,V′)3), and
H2‚‚‚I35Cl(A,V′)23) complexes are listed in Table 3.

TABLE 2: Rigid-Rotor Parameters (cm-1) for the
Asymmetric o-H2‚‚‚ICl B -X, 3-0 Rovibronic Band

ν0 17840.75
A′′ 0.346 A′ 0.304
B′′ 0.113 B′ 0.080
C′′ 0.091 C′ 0.069
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The ability to observe transitions associated with both the
asymmetric andC2V symmetric conformers even though the
binding energies are significantly different indicates that the
complexes are not in thermal equilibrium when a carrier gas
consisting of 5%n-H2 in He is used. In contrast, we only observe
transitions of theC2V conformer at higher H2 gas concentrations.
This suggests that at the lower H2 concentrations, the populations
of the conformers are kinetically trapped in the supersonic
expansion, and additional H2/H2‚‚‚ICl(X,V′′)0) collisions are
necessary for further cooling of the complexes down to the most
strongly boundC2V symmetric conformer.16,27

E. Excited-State Assignments.The above results indicate
that the spectroscopic features at 17 841, 17 968, 17 975, and
18 006 cm-1 in the ICl B-X, 3-0 region are attributable to
transitions of theo-H2‚‚‚I35Cl ground-state complex. Further-
more, the feature at 17 841 cm-1 corresponds to a transition of
the conformer with an asymmetric structure, whereas the others
arise from transitions of theC2V symmetric ground-state
conformer. The binding energies of the ground-state conformers

permit the energies of the excited-state levels relative to the
o-H2 + I35Cl(B,V′)3) dissociation limit to be determined.
The lowest-lyingo-H2‚‚‚I35Cl(B,V′)3) level with no intermo-
lecular vibrational excitation,n′ ) 0, lies between-69.5 and
-76.3 cm-1 relative to the dissociation limit. The features
accessed by transitions of theC2V conformer, at 17 968 and
17 975 cm-1, have congested contours similar to that shown in
Figure 3c and probably consist of transitions to multiple
intermolecular vibrational levels. These levels are at-46 and
-39 cm-1 with respect to the asymptote. The excited-state level
associated with the higher energy feature at 18 006 cm-1 is at
-8 cm-1 and is also accessed by transitions of theC2V
conformer.

The theoretical calculations of the energies and probability
amplitudes of the excited-state intermolecular vibrational levels,
evaluated using the model B-state potential, are used to
tentatively assign the observed intermolecular vibrational levels
and to gain insights into the intermolecular excitation within
these levels. The energies of the bound intermolecular vibra-
tional levels,n′ ) 0-19, are shown in the right column of Figure
5. The probability amplitudes shown in Figure 6 indicate that
the lowest three vibrational levels,n′ ) 0-2, are localized in
the well nearθ ) 100°, and with increasingn′ a bending
excitation of the H2 moiety about the ICl is apparent. Transitions
of the ground-state, asymmetrico-H2‚‚‚I35Cl(X,V′′)0) conformer
most likely access then′ ) 0 level on the basis of favorable
Franck-Condon overlap. The probability amplitudes of the next
higher levels,n′ ) 3-7, as well asn′ ) 10 and 12, are
delocalized in the angular coordinate. On the basis of the large

TABLE 3: Binding Energies (cm-1) for the Different o-H2‚‚‚I 35Cl and p-H2‚‚‚I 35Cl Conformers and States

C2V conformer asymmetric conformer

o-H2 p-H2 o-H2 p-H2

I35Cl(X,V′′)0) 186.4(3) 156.8(1.3) 82.8e D0′′ e 89.6 70.e D0′′ e 77.9
ICl(A,v ′)23) 73.7e D0′ e 80.5 59.2e D0′ e 67.1
ICl(B,v′)3) 69.5e D0′ e 76.3 59.4e D0′ e 67.3

Figure 4. ∆V ) -1 action spectra recorded in the I35Cl A-X, V′-0
spectral region. Panels a and b illustrate the closing of the∆V ) -1
vibrational predissociation channel foro-H2‚‚‚I35Cl(A,V′), and (c) and
(d) illustrate the same effect forp-H2‚‚‚I35Cl(A,V′). From these channel
closings, the ground-state binding energy of the more weakly bound,
asymmetrico,p-H2‚‚‚I35Cl(X,V′′)0) conformer can be determined.
Asterisks and daggers indicate I35Cl and He‚‚‚I35Cl features, respec-
tively.

Figure 5. Energy level diagram of the boundo,p-H2‚‚‚I35Cl(X,V′′)0)
and o,p-H2‚‚‚I35Cl(B,V′)3) levels observed. The black lines in the
ground state correspond to the energies of theC2V symmetric conform-
ers. The gray boxes in both the ground and excited states are the
energies of the asymmetric conformers with the breadth representing
the uncertainty. The gray lines in the excited state are accessed by
transitions of theC2V conformer and are delocalized in the angular
coordinate. The dashed lines are also accessed by transitions of the
C2V conformer but are believed to have intermolecular stretching on
the basis of comparison with calculations. The calculated excited-state
levels,n′ ) 0-19, used in part to make the assignments are shown on
the right.
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probability amplitude in the linear region,θ ) 0°, for then′ )
3-5 levels, the transitions from theC2V symmetrico-H2‚‚‚
I35Cl(X,V′′)0) conformer probably access these levels. The
small energy spacing between these levels suggests that indeed
there are many intermolecular vibrational levels accessed within
each observed band.

The probability amplitudes indicate that there are bound levels
with intermolecular stretching motion, as indicated by a node
in the radial coordinate. The rotational contour analysis of the
asymmetric band indicates a small change in geometry between
the ground-state, asymmetrico-H2‚‚‚I35Cl(X,V′′)0) conformer
and the lowest intermolecular vibrational energy level, for which
the probability amplitude is shown in Figure 6a. When the radial
node of the probability amplitude is localized in the well near
100°, as with then′ ) 8 level shown in Figure 6e, it is presumed
that the Franck-Condon factor will be small and transitions to
these levels will most likely not be observed. Then′ ) 13-15
probability amplitudes again exhibit appreciable amplitude in
the linear,θ ) 0°, region. These levels resemble delocalized
states with intermolecular stretching excitation. As illustrated
in Figure 6f for then′ ) 13 level, the radial node for these
levels is at significantly largeR. Thus, there is most likely
appreciable Franck-Condon overlap between these levels and
the ground-state, symmetricC2V H2‚‚‚I35Cl(X,V′′)0) conformer.

The excited-state levels accessed by transitions of the ground-
state, asymmetric andC2V symmetric H2‚‚‚ICl(X,V′′)0) con-
formers are easily recognized by considering the angular-
dependent, adiabatic potentials. Theθ-dependent adiabatic
potential curves obtained by averaging over the intermolecular
distance coordinate,R, are plotted in Figure 7. The lower curve
represents the adiabat associated with no nodes alongR, Vs )
0, and the higher energy curve was calculated for one node along
R, indicatingVs ) 1. TheVs ) 1 adiabat is at sufficiently high
energy that it is embedded inVs ) 0 states that have nearly
free-rotor character. Additionally, the first few states in this
adiabat have radial nodes that are localized in the minimum.

Once the radial nodes in theVs ) 1 states access the regions
nearθ ) 0°, they can be accessed by transitions of the ground-
state,C2V symmetric conformer.

The experimentally observedo-H2‚‚‚I35Cl(B,V′)3) and
p-H2‚‚‚I35Cl(B,V′)3) levels are shown in the energy level
diagram in Figure 5 with the line types indicating the type of
vibrational excitation for each level, black solid-localized in the
well, gray solid-delocalized, black dashed-delocalized with
stretching excitation. The assignments ofn′ for the low-lying
levels are most likely accurate, but on the basis of the simplicity
of the excited-state potential, accurate assignments are not made
for higher levels. Rather, the aim here is to illustrate the types
of states that are being accessed.

5. Discussion

The only other hydrogen molecule-dihalogen molecule
complex that has been reported is H2‚‚‚I2.7 Only one conformer
was reported for H2‚‚‚I2, and the spectrum strongly resembles
the lower energy feature observed for the H2 + I35Cl system.
Although the authors did not explicitly report the geometry of
the complex, similarities of the H2‚‚‚I2 spectrum to rare gas-
dihalogen spectra suggest that the H2 moiety is localized in the
T-shaped well; i.e., the vector connecting the centers of mass
of the constituent molecules is orthogonal to the dihalogen bond.
Nevertheless, other hydrogen-containing complexes have been
studied in much greater detail, and insights into the nature of
the H2 + ICl interactions can be deduced from them. For
instance, Nesbitt and co-workers studied the H2‚‚‚HF and
H2‚‚‚HCl complexes in the infrared using a slit jet expansion.9,10

They reported preferred geometries withC2V symmetry in both
cases, with the H2 subunit positioned at the hydrogen end of
the hydrogen halide. Lester and co-workers reported a similar
C2V geometry for the H2‚‚‚H-O complex using electronic
spectroscopy, and theoretical calculations were found to be
consistent with their proposed geometry.11 More recently,
however, the Heaven group reported theoretical and experi-
mental results on the H2‚‚‚CN and H2‚‚‚NH systems and argued
that those complexes are linear, with the H2 moiety at the
nitrogen atom end in each case, H-H‚‚‚N-C and H-H‚‚‚N-
H.12-14 Although there is a minimum in the potential in theC2V

Figure 6. Probability amplitudes for numerous H2‚‚‚ICl(B,V′)3)
intermolecular vibrational levels,n′, superimposed on the potential
energy surface, gray lines, approximated by scaling a He+ ICl(B,V′)3)
potential.17

Figure 7. Adiabatic intermolecular potential energy curves for H2 +
ICl(B,V′)3) plotted as a function ofθ, the angle between the ICl bond
and the vector that connects the H2 and ICl centers of mass. TheVs )
0 andVs ) 1 curves are those obtained by averaging over the radial
coordinate without and with one quantum of intermolecular stretching
excitation. The black, gray, and dashed horizontal lines represent the
intermolecular levels that are localized, that are delocalized in the
angular coordinate, and that exhibit intermolecular stretching excitation,
respectively.
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H2‚‚‚H-N and H2‚‚‚C-N orientations, the global minimum
occurs in the linear orientation. The authors convincingly argue
that the relatively small quadrupole moment of CN and NH
compared to OH and HF enhance the stability of the linear
conformer over that of theC2V conformer because quadrupole-
quadrupole interactions are repulsive for linear geometries but
attractive for T-shaped structures.14

Though we are unaware of any experimental values for the
quadrupole moment of ICl, numerous theoretical methods
predict that it will be greater than 2 au, which is significantly
greater than the quadrupole moment for both OH and HF, 1.39
and 1.75 au, respectively.28-31 If we invoke Heaven’s reasoning
to the present case, then it seems likely that the more strongly
bound H2‚‚‚I35Cl(X,V′′)0) conformer has aC2V geometry with
the H2 moiety at the iodine side of the dihalogen with its bond
axis positioned orthogonally to the dihalogen axis. This
geometry optimizes the overlap between the toroid of negative
charge around the H2 bond and the positive charge at the iodine
end of ICl. As discussed in the Results, the rotational contours
of the less strongly bound conformer imply an asymmetric
geometry with the H2 molecule oriented perpendicularly to the
I-Cl bond axis. The precise positioning of each of the hydrogen
atoms and the direction of rotation are still unknown, and it
will most likely require a more accurate PES, calculated for
H2-ICl and including more than two internal degrees of
freedom, to gain additional insights. Nevertheless, the electro-
static interactions present for theC2V conformer will not be
present for the asymmetric conformer, and it should therefore
be less strongly bound.

We have measured the binding energies of both the asym-
metric andC2V symmetric H2‚‚‚I35Cl(X,V′′)0) conformers; the
C2V conformer is significantly more strongly bound than the
asymmetric conformer, by≈100 cm-1. This large difference is
in significant contrast to the nearly isoenergetic linear and
T-shaped Rg‚‚‚XY complexes, where the binding energies of
the linear conformers are≈0-15 cm-1 larger than the T-shaped
conformers.3,5,6,17,24We propose that these differences in binding
energies are direct consequences of the important roles that
electrostatic interactions play in the stabilization of theo,p-
H2‚‚‚I35Cl(X,V′′)0) complexes.

We also determined that theo-H2‚‚‚I35Cl levels are more
strongly bound than thep-H2‚‚‚I35Cl levels in both the ground
and excited electronic states. This is consistent with the
observations of the Heaven, Lester, and Nesbitt groups and has
been attributed to the symmetry of the H2 wavefunction, with
the node in thej ) 1 state serving to enhance the quadrupolar
interactions of H2.9-11,13,14 We note that the differences in
binding energies are not drastic withD0′′ ) 186.4(3) versus
157.0(1.3) cm-1, or a 19% enhancement for theC2V o-H2‚‚‚
I35Cl(X,V′′)0) complex over that of thep-H2‚‚‚I35Cl(X,V′′)0)
complex. Nevertheless, the differences in binding energies is
substantial enough so that theo,p-H2‚‚‚I35Cl features are not
observed in the 3:1 ratio expected forn-H2. When the source
conditions are changed, however, the relative intensities of the
o,p-H2‚‚‚I35Cl features can be altered, as exhibited in Figure 2.
We hypothesize that the reason we see changing intensities of
the o-H2‚‚‚I35Cl and p-H2‚‚‚I35Cl populations arises from an
exchange mechanism wherep-H2 molecules are replaced by the
more abundant and more strongly interactingo-H2 molecules
with collisions along the expansion. Exchange reactions most
likely result in conversion of the higher energy asymmetric
H2‚‚‚ICl(X,V′′)0) conformers to the more stableC2V symmetric
conformers. The net result, then, would be that the most stable
C2V o-H2‚‚‚ICl(X,V′′)0) species will tend to grow in relative to

the populations of the other, more weakly bound species
observed in the expansion as the number of H2 + ICl collisions
increases.

The interactions in the excited-state potentials of the H2 +
ICl(B,V′) and Rg+ XY(B,V′) systems are quite similar, with
the H2 and Rg moieties localized in a minimum positioned
orthogonally to the I-Cl bond axis. There appears to be only
one minimum in the excited-state potential, and the features of
the rovibronic spectrum are surprisingly insensitive to the
detailed topology of the B-state surface.6 The transitions of the
ground-state, asymmetric H2‚‚‚ICl(X,V′′)0) and T-shaped
Rg‚‚‚ICl(X,V′′)0) conformers access localized levels in the
excited state with nearly identical geometries. In contrast, the
C2V symmetric H2‚‚‚ICl(X,V′′)0) and linear Rg‚‚‚ICl(X,V′′)0)
conformers access levels that are delocalized in the angular
coordinate. Last, excited-state levels with intermolecular stretch-
ing excitation are only accessed by transitions of the ground-
state,C2V symmetric conformer. This is most likely because of
the large increase in internuclear separation induced with
electronic excitation in the complexes in the linear orientation.

The results reported here characterizing theo,p-H2 +
I35,37Cl ground- and excited-state interactions should be helpful
in clarifying the role that electrostatic interactions play in the
stabilization of weakly bound van der Waals complexes. In
particular, the ground-state binding energies should serve as
excellent targets for potentials calculated by applying advanced
methodology to determine four-atom interactions. It would be
interesting to compare and contrast these results to those for
different conformers of a homonuclear H2‚‚‚XY complex, where
there is no dipole, to further elucidate the role of dipole-
quadrupole interactions in these complexes. Comparisons of the
o,p-H2 + I35,37Cl ground- and excited-state interactions with the
corresponding D2 + I35,37Cl interactions would also aid in
characterizing theo,p-H2 + I35,37Cl ground- and excited-state
PESs in greater detail.
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